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lUTROVUCTlOU 
It is generally accepted that a high proportion of hunan cancers 
is attributable to environoental agents, mainly environmental chemi-
cals. The distribution of potential carcinogens in the environment is 
essentially ubiquitous. Ihe human diet contains a variety of naturally 
occurring mutagens and carcinogens (Agses, 1983). Ihe predominance of 
certain foods in some countries has been related to the incidence of 
certain types of cancers in their populations. Therefore dietary 
mutagens have attracted considerable interest in the last decade and a 
number of studies on dietary practices in relation to cancer have 
been undertaken. These studies suggest that a greater intake of fibre 
rich cereals, vegetables, fruits and a lower constmption of fat 
rich products and alcohol would be advisable (Doll and Peto,1981; Peto 
and Schneiderman, 1981). Although quite a large number of dietary com-
ponents have been evaluated in microbial and animal test systems,there 
is still a lack of definitive evidence about their carcinogenicity and 
mechanism of action. A majority of chemical carcinogens are known to 
form covalent adducts with ONA and there is a large body of evidence 
implicating DNA as a critical target in chemically induced cancer 
(Miller, 1978; O'Connor, 1981). In order to understand carcinogenesis 
at the molecular level,it is essential to determine the conformational 
changes in the target macromolecules and relate these findings to 
possible aberrations in the functioning of modified macromolecules. Of 
late,there has also been an increasing interest in oxygen radicals and 
lipid peroxidation as a source of damage to DNA and therefore as 
promoters of cancer (Harman,1981,* Gensler and Bernstein, 1981; Totter, 
1980; Tappel, 1980). In addition, mammalian systems have evolved many 
defence mechanisms as protection against mutagens and carcinogens. The 
most important of such mechanisms may be those against oxygen radicals 
and lipid peroxidation. 
Mutagens and carcinogens in dietary plant material: 
It is obvious that food is a very complex substance to which humans 
are exposed. Most people perceive food substances of natural origin as 
free of risk. Such acceptance is largely based on faith because our 
objective knowledge on this topic is relatively poor.A large number of 
chemicals are synthesized by plants, presumably as a defence against a 
variety of invasive organisms, such as bacteria, fungi and insects 
(Kapadia,1982; Qark, 1982; Pamukcu jet jl. ,1980; Stich et al., 1981a). 
The number of these toxic chemicals is extremely large and new pleint 
chemicals are being continuously discovered (Jadhav et al., 1981; 
Griesebach and Ebel, 1978). It has been known for many years that 
plants contain carcinogens and a number of edible plants have shown 
experimental carcinogenic activity for several species and various 
tissues.Wide use of recently discovered short term tests for detecting 
mutagens (Ames,1979; Stich and San,1981) and a number of animal cancer 
tests on plant substances have contributed to the identification of 
many natural mutagens and carcinogens in the human diet (Kapadia, 
1982). Some examples of most frequently ingested compounds are discu-
ssed below. 
Safrole and estragole are related compounds, which occur in 
certain spices and essential oils and are weak hepatocarcinogens (Fen-
aroii, 1971; Guenther and Althausen, 1949). Recent studies have impli-
cated 1'-hydroxysafrfdle and l*-hydroxyestra<?ole, respectively as pro-
ximate carcinogenic metabolites of safrole and estraj^ ole (Drinkwater 
et al^ . ,1976; Borchert et al., 1973). Eugenol and anethole are structu-
rally related to safrole and estragole and are vddely used as 
flavouring agents or as food additives. Black pepper contains small 
amounts of safrole and large amounts of a closely related compound 
piperine (Concon et al., 1979). Extracts of black pepper cause tumours 
in mice at a number of sites at a dose equivalent to 4 mg of dried 
pepper per day given for 3 months. 
Ivie et ^ . (1981) have reported that linear furocoumarins 
(psoralens),which are widespread in plants of the Umbelliferae family, 
are potent light activated carcinogens and mutagens. Ihree of the most 
common phototoxlc furocoumarins are psoralen, xanthotoxin and bergap-
ten. In <Kldition to Unbelliferae, psoralen also occurs in plants from 
several other families (Ivie, 1978). Psoralens are potent photosensi-
tizers and highly mutagenic in the presence of activating long wave-
length UV light. They readily intercalate into duplex DMA where they 
form light induced mono- or diadducts with pjnrlmidine bases.Psoralen, 
in the presence of light, is also effective in producing oxygen 
radicals (Ya et al., 1982). 
Pyrrolizidine alkaloids are naturally occurring carcinogens and 
have been found in some fifty species of the families Compositae, 
Boraginaceae and Leguminosae (Schoental,1982), which are used as foods 
or herbal remedies. Several of these alkaloids are hepatotoxlc and 
certain hepatotoxic pyrroiizidine alkaloids are also carcinogenic 
(Hirono ^  aJ^ ., 1977; Shoental, 1976). Testing of pure pyrroiizidine 
alkaloids for carcinogenicity has been extensive for reasons of a 
limited supply of these chemicals. However,a number of these alkaloids 
have been reported to be mutagenic (Clark, 1960) in Drosophila and 
Aspergillus system (Alderson and Qark, 1966). Recently, Mori et al. 
(1985) have used a hepatocyte primary culture-C»JA repair test to 
screen seventeen pyrroiizidine alkaloids for their DNA damaging 
property. This test is highly responsive to carcinogenic pyrroiizidine 
alkaloids (Williams et al., 1980). Among the results obtained by these 
authors is the indication of a species difference in liver bioactiva-
tion of these alkaloids. This implies that there may be species diffe-
rence in the carcinogenic potential of pyrroiizidine alkaloids. 
Edible mushrooms contain various hydrazine derivatives in rela-
tively large amounts. Most hydrazines that have been tested have been 
found to be carcinogenic and mutagenic. The most common commercial 
mushroom, Agaricus blsporus contains about 300 mg of agaritine, the 
-glutamyl derivative of the mutagen 4-hydroxymethylphenylhydrazine, 
per 100 g of mushrooms as well as smaller amounts of the closely rela-
ted carcinogen N-acetyl-4-hydroxymethylphenylhydrazine (Toth et al., 
1982). Some agaritine is metabolized by the mushroom to a diazonium 
derivative, which is a potent carcinogen and is also present in the 
mushroom in smaller amounts. Many hydrazine carcinogens may act by 
producing oxygen radicals (Hochstein and Jain, 1981). 
A number of 1,2-dlcarbonyl compounds e.g., maltole, kojic acid, 
ethylmaltoie, diacetyl and glyoxal have been found to be mutagenic in 
the Salmonelia/Microsome assay. Several compounds in this class are of 
toxicological interest because they occur in various foods. For 
example, maltole is a product of carbohydrate dehydration and is 
present in coffee, soyabeans and baked cereals such as bread. Kojic 
acid is a metabolite of many microorganisms including several fungi 
used in food production, while diacetyl is an aroma component of 
butter, beer, coffee, etc. (Fishbein, 1983). 
A number of furans, such as 2-fflethylfuran, 2,5-dimethylfuran, 
furfural, 5-methylfurfural and 2-furylmethylketone are found in nume-
rous food products including meat, milk products, various nuts, tea 
and coffee (Maga,1979). Stich et al. (1981b) have reported that these 
furans induced relatively high frequencies of chromatid breaks and 
chromatid exchanges when they were exposed to cultured Chinese hamster 
ovary (CHO) cells in the absence of a liver microsomal preparation. 
Ihe clastogenic doses of many of the furans were relatively high 
(100-3900 ppm), whereas the concentration in food prodixits was relati-
vely low. However, Stich et^  al. (1981b) cautioned that the furans are 
not tte only genotoxic chemicals in the complex mixture of heated, 
roasted or boiled food products and even if the furans do not pose a 
serious health hazard by themselves due to their small amounts in most 
food items, they do contribute significantly to the total genotoxicity 
of many consumable foods and beverages. 
In addition to pyrrolizidine alkaloids, certain glycoalkaloids 
found in potato, such as solanine and chaconine, have been reported to 
be highly toxic as they are strong inhibitors of cholinesterase 
(Jadhav et al^ . ,1981). Pyrrolizidine alkaloids and other glycoalkaloids 
can reach levels which can be lethal to humans in potatoes that are 
diseased or exposed to light (Katsui et al.,1982). 
Cyclopropenoid fatty acids,present in cotton seed and other oils, 
have been reported to be carcinogenic and mitogenic having various to-
xic effects in farm animals. Among these, sterculic acid and malvalic 
acid are widespread in the human diet. They are also potentiaters of 
carcinogenicity of aflatoxins (Hendricks et al., 1980). ftman exposure 
to these fatty acids results from the consumption of products of 
animals fed on cotton seed. Another major toxin in cotton seed is 
gossypol, which accounts for about 1 % of its dry weight. Gossypol 
causes male sterility through formation of abnormal sperm and is car-
cinogenic as well (Xue, 1980). It is a potent initiator and also 
promoter of carcinogenesis in mouse skin (Haroz and Ihomassan, 1980). 
Gossypol has been tested in China as a possible male contraceptive as 
it is inexpensive and causes sterility during use. Its mode of action 
as a spermicide is presumably through the production of oxygen 
radicals. 
A number of qiiinones and their phenolic precursors are found in 
the human diet and have been shown to be mutagens (Stich et al.,1981b; 
Brown, 1980; Levin et al., 1982). Quinones are quite toxic as they can 
act as electrophiles or accept a single electron to yield the 
semiquinone radicals which can react directly with DNA or generate 
superoxide radicals (Morimoto et al., 1983; Kappus and Sies, 1981). 
Many dietary phenols can autoxidize to quinones generating hydrogen 
peroxide at the same time. The amounts of these phenols in hunan diet 
are af^reciable, for example, catechol which is mainly derived from 
metabolism of plant substances and is a potent proonter of carcino-
genesis and an inducer of DNA damage (Carmella et al.,1982). 
In addition, there are many other dietary compounds which have 
been shown to be mutagenic and carcinogenic in various test systems. 
Allylisothiocyanate, a major flavour ingredient of mustard oil, is one 
of the main toxins of mustard seeds and has been shown to be a carci-
nogen in rats (Dunnick jet al., 1982). Phorbol esters, present in 
plants of EQphorbiacea family, are potent promoters of carcinogenesis 
and cause nasopharyngeal and oesophageal cancers (Hecker, 1981). A 
variety of carcinogens and outagens are present in mold contaminated 
food grains, nuts and fruits. Some of these,such as various aflatox-
ins, are among the most potent carcinogens and mutagens known (Hirono, 
1981; Tazima, 1982). Nitrosoamines and other nitroso compounds formed 
from nitrate and nitrites in food have been directly related to the 
incidence of stomach and oesophageal cancer. Nitrates are present in 
large amounts in spinach, radish, lettuce and beans (Magee, 1982). 
Although alcohol is not a constituent of a normal human diet, in view 
of its widespread use, it would be relevant to mention its toxic role. 
Alcohol has long been associated with the cancer of mouth, pharynx and 
liver (lUyns et ai., 1982). Alcohol metabolism generates acetaldehyde, 
which is a mutagen and possibly a carcinogen (Stich and Rosin, 1983; 
Campbell and Fantel, 1983). It also generates radicals that produce 
lipid hydroperoxides and other mutagens and carcinogens (Winston and 
Cederbaum, 1982; Vldela et al., 1982). 
Dietary fat - a possible source of carcinogens; 
Fat accounts for approximately 40 % of the calories in the human diet. 
There is epideffllologlcal evidence relating high fat Intake with colon 
and breast cancer. Animal studies have Indicated that high dietary fat 
is a promoter and a presumptive carcinogen (Klnlen, 1983; Fink and 
Kritchevsky,1981; Welsch and Aylsworth,1983).'IWo plausible mechanisms, 
involving oxidative processes, have been considered to account for the 
relationship between high fat Intake and the occurrence of cancer and 
heart diseases. According to the first mechanism, rancidity of fat 
yields a variety of mutagens and carcinogens,such as fatty acid hydro-
peroxides, cholesterol hydroperoxides,fatty acid epoxides and aldehydes 
(Simic and Karel, 1980; Bischoff, 1969; Petrakls et al., 1981; Imal 
et al.,1980; Ferrall et al.,1980). Alkoxy and hydroperoxy radicals are 
also formed (Pryor,1976-1982). Therefore the colon and digestive tract 
are exposed to a variety of fat derived carcinogens. The second 
possible mechanism Involves hydrogen peroxide, which is generated by 
the oxidation of dietary fatty acids by peroxisomes. Each oxidative 
removal of two carbon unit generates one molecule of hydrogen pero-
xide,a known mutagen and carcinogen (Reddy et al., 1982; Plain, 1953). 
Some hydrogen peroxide may escape the catalase in the peroxisomes and 
thus contribute to the supply of oxygen radicals (Spelt et al^ ., 1982; 
Jones et al., 1981). Oxygen radicals in turn can damage DNA and can 
start the rancidity chain reaction, which leads to the production of 
the mutagens and carcinogens mentioned above (Pryor, 1976-1982). 
Mutagens and carcinogens produced in cooking; 
Sugifflura and his colleagues (1978, 1979) as well as others (Pariza et 
ai.,1983) have reported that the burnt and browned materials from hea-
ting protein during cooking is highly mutagenic. Pyrolysis of protein 
produces strong frameshift mutagens that require metabolic activation 
by rat liver S9 fraction (Nagao et al., 1977). Pyrolysates of amino 
acids also show various mutagenic activities (Matsumoto et al., 1977). 
Among the various amino acids, the pyrolysate of tryptophan has been 
found to be most mutagenic followed by those of serine, glutamic acid, 
ornithine and lysine. 
Pyrolysates of various sugars, such as glucose, arabinose, fru-
ctose and sorbitol, are all mutagenic in ^ . typhimurium system with-
out metabolic activation. Pyrolysate of glucose was found to contain 
acetaldehyde and glyoxal which are mutagenic to S. typhimurium 
(Nagao et al., 1978). Caramel, which is sugar derived and widely used 
as a food colouring and flavouring agent is also mutagenic in 
Salmonella test systems but had no carcinogenic effect when fed to 
rats as 6 Z of the diet for two years (Evans et al., 1977). Coffee 
contains a considerable amount of buimt material including the muta-
genic pyrolysis product methylglyoxal (Sugimura and Sato, 1983). One 
cup of coffee also contains about 250 mg of the natural mutagen chlor-
ogenic acid (Stich et^  al,, 1981a) and about 100 mg of caffeine which 
can cause birth defects at high levels in several experimental species 
(Fabro, 1982). There is inconclusive evidence to suggest that heavy 
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coffee drinking is associated with cancer of the ovary, bladder, 
pancreas and the large bowel (Itichopoulos et al., 1981). Rancidity 
reaction of cooking oils and animal fat is accelerated dtiring cooking, 
thus increasing intake of outagens and carcinogens (Simic and Karel, 
1980). 
Food additives; 
Sodium nitrite is extensively used as a preservative in meat, fish and 
cheese. A possible formation of nitrosamines from amines,present in or 
derived from the diet, occurs by reaction with nitrous acid at acidic 
pH.In humans, gastric juice attains a pH of nearly 1.0. Such high con-
centration of hydrogen ions gives rise to the nitrosyl cation No , 
which is a highly reactive nitrosylating agent. Nitrous acid itself is 
a known mutagen for various bacterial and fungal cells. Its mutageni-
city is presumably related to the deamination of adenine and cytosine 
(Fishbein et al.,1970). Sodium bisulphite is used as a bacterial inhi-
bitor in a variety of beverages and as a preservative in canned fruits 
and vegetables. The bisulphite anion reacts, rather specifically, with 
uracil and cytosine, within single-stranded regions of DNA and SNA. It 
is also mutagenic to bacteria and bacteriophages (Singer, 1983). EDflA 
and its alkali salts are widely used as sequestrants in various foods. 
Ihey are useful as antioxidants due to their property of forming 
poorly dissociable chelate complexes with trace quantity of metal ions 
such as copper and iron in fats and oils. EDGCA has been shown to 
induce chromosome aberrations and breakage in various plant species. 
Saccharin was synthesized in the last century and since then it 
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has been widely used as an artificial sweetener. Reports on the mutag-
enicity and carcinogenicity of saccharin are conflicting and there is 
some suggestion that these activities are thought to be due to impuri-
ties present in saccharin preparations (Kramers,1975). The possibility 
of an in vivo conversion of saccharin into a mutagenic metabolite has 
also been suggested (Batzinger et al., 1977). Another artificial swee-
tener, which was widely used but is now banned in USA and many other 
countries,is cyclamate. Cyclamate induces chromosome breakage in cells 
of several plants and animal species. It is converted in vivo into 
cyclohexylamine, which is also an inducer of chromosome breaks 
(Fishbein ^  ai., 1970). 
Oxygen radicals and cancer: 
One of the theories of etiology of cancer which is being widely accep-
ted, holds that the major cause is damane to DNA by oxygen radicals and 
lipid peroxidation (Ames, 1983; Totter, 1980). Several enzymes produce 
superoxide anion (0^ ) during the oxidation of their substrates, for 
example, xanthine oxidase and peroxidase (Buettner et al., 1978; Duran 
et al.,1977). Mjmerous substances six^ h as reduced flavins and ascorbic 
acid upon autoxidation produce superoxide anion. This radical further 
accepts an electron from a reducing agent, such as thiols to yield 
peroxide (H^O^). There is in vitro evidence that Hg^ O^  may then react 
with certain chelates of copper and iron to yield the highly reactive 
hydroxyl free radical (OH*) (Wolff et al., 1986). That the superoxide 
anion actually appears in metabolism is confirmed by the ubiquitous 
occurrence of superoxide dismutase. Indeed, certain white blood cells 
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;^ enerate superoxide deliberately by means of a specialized roembrane 
boiaxi NADPH oxidase and this participates in the killing of microorga-
nisms and tumour cells (Wolff et^  al., 1986). 
It has been suggested that certain promoters of carcinogenesis 
act by generation of oxygen radicals, this being a coamon property of 
these substances. Fat and hydrogen peroxide are among the most potent 
promoters (Welsch and Aylsworth, 1983). Other well known cancer pro-
moters are lead, calcium, phorbol esters, asbestos and various quino-
nes. Inflammatory reactions lead to the producton of oxygen radicals 
byr phagocytea and^ this is the basis of promotion by asbestos (Hatch et 
al., 1980). Many carcinogens which do not require the action of promo-
ters and are by themselves able to induce carcinogenesis (complete 
carcinogens), also produce oxygen radicals (Oemopoulos et al., 1980). 
These include nitroso compounds, hydrazines, quinones and pol5«iyclic 
hydrocarbons. Much of the toxic effect of ionizing radiaton damage to 
DNA is also due to the formation of oxygen radicals (Totter,1980). The 
mechanism of action of promoters involves the expression of recessive 
genes and an increase in gene copy number through chromosome breaks 
and creation of hemizygosity (Kinsella, 1982; Varshavsky, 1981).Promo-
ters also cause modification of prostaglandins which are intimately 
involved in cell division, differentiation and tumour growth (Fischer 
et al.,1982). Most data on radical damage to biological macromolecules 
concern with the effects of radiation on nucleic acids because of the 
possible genetic effects. However, in view of the catalytic role of 
enzymes, damage to proteins is also considered important. It has been 
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suggested that primary oxygen radicals, produced in cells and their 
secondary lipid radical intermediates, modify and fragment proteins. 
The products are often more susceptible to enzymatic hydrolysis lead-
ing to accelerated proteolysis inside and outside the cells (Wolff et 
_al., 1986). 
Anticarcinogens: 
The protective defence mechanisms against mutagens and carcinogens 
include the shedding of surface layer of the skin, cornea and the ali-
mentary canal. If oxygen radicals play a major role in DNA damage, 
defence against'these agents JLs otnriously of great importance (Totter, 
1980). The major source of endogenous oxygen radicals are hydrogen 
peroxide and superoxide which are generated as side products of meta-
bolism (Pryor, 1976-1982). In addition,oxygen radicals also arise from 
phagocytosis after viral and bacterial infection or an inflammatory 
reaction (Tauber, 1982). The exogenous oxygen radical load is contri-
buted by a variety of environmental agents (Pryor, 1976 - 1982). The 
enzymes that protect cells from oxidative damage are superoxide disnu-
tase, glutathione peroxidase (Pryor, 1976- 1982) D.T. diaphorase (Lind 
^al.,1982) and glutathione transferases (Warholm et al., 1981). In 
addition to these enzymes, some small molecules in the human diet act 
as antioxidative agents and presumably have an anticarcinogenic 
effect. Some of these coopounds are discussed below. 
Tocopherol (vitamin E) is an important trap of oxygen radicals 
in membranes (Pryor, 1976 - 1982) and has been shown to decrease the 
carcinogenic effect of quinones, adriamycin and daunomycin which are 
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toxic because of free radical generation (Ames, 1983). Protective 
effect of tocopherols against radiation induced DMA damage and dimeth-
ylhydrazine induced carcinogenesis have also been observed (fieckman, 
et al., 1982)./^-carotene is a potent antioxidant present in the diet 
and is important in protecting lipid membranes against oxidation. 
Singlet oxygen is a highly reactive form of oxygen, which is mutagenic 
and is mainly generated by pigment mediated transfer of energy of 
light to oxygen. Carotenoids are free radical traps and are remark-
ably efficient as quenchers of singlet oxygen (Packer^ al., 1981). 
^carotene and similar polyprenes are also the main defence in 
plants against singlet oxygen generated as a byproduct of the intera-
ction of light and chlorophyll (Krinsky and Deneke, 1982). Carotenoids 
have been shown to be anticarcinogens in rats and mice and may also 
have a similar effect in humans (Mathew8-Roth,1982; Peto et al.,1981). 
Glutathione is present in food and is one of the major antioxidants 
and is antimutagenic in cells. Glutathione transferases are a major 
defence against oxidative and alkylating carcinogens (Uarholm et al., 
1981). Dietary glutathione is an effective anticarcinogen against 
aflatoxins (Novi ,1981). Ihe cellular concentration of glutathione is 
influenced by dietary sulphur amino acids (Ilateishi et al., 1981). 
Selenium, which is present in the active site of glutathione perox-
idase, is another important dietary anticarcinogen. Glutathione per-
oxidase is essential for destroying lipid hydroperoxides and endogen-
ous hydrogen peroxide and therefore helps to prevent oxygen radical 
induced lipid peroxidation (Flohe, 1982). Several heavy metal toxins. 
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2 + 2-I-
such as Cd (a known carcinogen) and Hg decrease glutathione perox-
idase activity by interacting with selenium (Flohe, 1982). Some other 
dietary antioxidants include ascorbic acid and uric acid. The former 
has been shown to be anticarcinogenic in rodents treated with UV light 
and benzo(a)pyrene (Hartman, 1982). Uric acid is present in high con-
centrations in the blood of humans and is a strong antioxidant (Ames 
et al.,1981). A low uric acid level has been considered a risk factor 
in cigarette caused lung cancer; however, too high levels may cause 
gout. 
In addition, edible plants contain a variety of substances such as 
phenols that have been reported to inhibit or enhance carcinogenesis 
and mutagenesis in experijnental animals (Ames, 1983). The inhibitory 
action of such compounds may be due to the induction of cytochrome 
P-450 and other metabolic enzymes (Boyd et al., 1982). The optimum 
levels of dietary antioxidants have not been determined; however,there 
might be considerable variation among individuals. On the other hand, 
high doses of such compounds may lead to deleterious side effects. The 
differences in cancer rates of various populations are generally 
considered to be due to environmental and life style factors such as 
smoking, dietary carcinogens and promoters. However, these differences 
may also be due, in good part, to insufficient amounts of anticarcino-
gens and other protective factors in the diet (Maugh, 1979). 
In the past two decades, there has been much emphasis on the 
induction of cancer by occupational and iixlustrial pollution factors. 
There is growing recognition, however, that these may account for only 
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a small fraction of hunan cancers. It is becoming increasingly clear 
from epidemiological and laboratory data that diet is an important 
factor in the etiology of certain human cancers. It has been sugges-
ted by Doll and Peto (1981) that in the United States diet accounts 
for 35 X of cancer deaths. According to these authors, there are five 
possible ways whereby diet may effect the incidence of cancer;(i) in-
gestion of powerful direct acting carcinogens or their precursors 
(ii) affecting the formation of carcinogens in the body; (iii) affect-
ing transport, activation or deactivation of carcinogens; (iv) affect-
ing "promotion" of cells that are already initiated and (v) ovemutri-
tion. Normal individual consumption of potentially mutagenic substan-
ces per day from foods and beverages is estimated to be between 1 to 
2 gm. In addition,the endogenous conditions favour the formation of 
still more mutagens in vivo in humans (Oshshima and Bartsch, 1981). 
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SOOPE OF IHE WORK PRESENTED 
Mutagenicity of methylglyoxal; 
Methylglyoxal (MG), also known as pyruvaldehyde or acetylformaldehyde, 
is a ketoaldehyde and may arise in the cell both enzymatically (Cooper 
and Anderson,1970; Elliot,1960; Sato et al.,1980) and nonenzymatically 
(Riddle and Lorenz, 1%8) from free trioses. Besides, it has also been 
reported to be present in various foods, such as roasted coffee,beans, 
tea, whisky and soy sauce (Suginura and Sato, 1983). Whether the enzy-
matic MG formation actually occurs in mammals has been controversial 
for many years (Meyer, 1953; Bonsignore et al., 1976; Salem, 1975; Van 
Eys et al.,1%2; Riddle and Lorenz, 1968).The isolation of M6 synthase 
from the enterobacteriaceae (Cooper,1974; Yuan and Gracy,1977) and its 
presence in rat liver cells (Sato et al., 1980) confirmed that MG can 
be formed enzymatically from triose phosphates. Riddle and Lorenz 
(1%8) observed that MG formation from both dihydroxyacetone phosphate 
(DHAP) and DL-glyceraldehyde is accelerated by polyvalent cations at 
physiological pH values. 
Szent Gyorgyi (1967, 1977) proposed that MG interacts with the 
highly reactive sulfhydryl groups that may peurticipate in the regula-
tion of cell division in tissues and that this MG-SH complex can 
arrest cell division in rapidly dividing cells. MG and other similar 
aldehyde compounds exert significant effects on certain cancers by 
reducing the ascites fluid formation, prolonging the survival time 
of animals bearing those tumours and decreasing the mitotic index of 
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normal and tumour cells (Jerzykowski et al., 1970; Fenselau and Long, 
1976; Dianzani et al., 1978, 1980). The uncontrolled proliferation of 
tumour cells is supposed to be due to destruction of MG (Szent 
Gyorgyi, 1977) by two enzymes, namely glyoxalase and "^ -^ketoaldehyde 
dehydrogenase, which catalyze its oxidation to lactate (Racker, 1951) 
and pyruvate (Monder,1967), respectively. 
In millifflolar amounts, MG exerts several damaging effects on 
various biochemical parameters (Dianzani, 1979) and has been found to 
inhibit in vitro the growth of a variety of mammalian cell lines 
(Gregg, 1968; Klamerth, 1%8; Scaife, 1969). It has been shown to be 
mutagenic in Salmonella typhimuriun TAIOO (Kasai et al., 1982; FUjita 
et al., 1985) and to induce D^ 2A repair in the pyloric mucosa of rats 
by gastric incubation (Furihata et ai.,1985). Recently, in a screening 
performed to elucidate the DNA damaging activities of a series of bio-
tic and xenobiotic aldehydes, Brambilla et al^ . (1984) found that ex-
posure of cultured mammalian cells to non-toxic concentrations of M6 
resulted in the formation of macroroolecular cross-links, mainly of the 
DNA protein type (Brambilla et al., 1985). Sister-chromatid exchanges 
in Chinese hamster ovairy cells ( Faggin ^  al., 1985) and mutagenicity 
in cultured Chinese hamster lung cells,assessed by using diptheria to-
xin resistance as a selective marker have also been reported (Nakasato 
^ al., 1984). MG causes a dose-dependent increase in the frequency of 
HGFRT deficient mutants in V79 cells (Cajelli et al., 1987). Efforts 
have also been made to investigate the effect of MG on the microtubu-
lar system in order to understand the mechanisms of its antiprolifera-
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tive activity (Gabriel at al., 1985). Studies in our laboratory have 
shown that the reaction of MG with DMA leads to the formation of 
strand breaks and interstrand crosslinks as a function of MG 
concentration and also its time of reaction with DNA (Rahman et 
ai.,1989b). 
Fligita et al. (1985) have recently reported that MG considerably 
exthances the mutagenicity of HjOj^ which is otherwise weakly mutagenic 
in Salmonella typhimurium TAIOO. In view of the above observation 
it was of obvious interest to examine if MG generates oxygen free 
radicals in solution, which are responsible for its increased 
mutagenicity. Using an absorbance method, the present work 
demonstrates that MG undergoes photo-oxidation leading to the 
generation of superoxide dependent hydroxyl radical formation through 
the Haber-Weiss reaction. 
Mutagenicity of quercetin; 
Of late, there has been increasing interest in naturally occurring 
compounds, ingested as part of the normal diet, which are potentially 
mutagenic/carcinogenic (Anes, 1983).One such class of compounds is the 
flavonoids which occur in large amounts in a wide range of food plants 
including many fruits, vegetables, tea, skin of tubers and roots 
(Hermann, 1976). There are many flavonoids in plants and the mutageni-
city of more than seventy naturally occurring flavonoids has been 
tested (Nagao^al., 1978). Of these, quercetin was the strongest 
mutagen, followed by kaempferol,rhamnetin, galat\gin, isorhamietin and 
fisptin (Brown, 1980; Nagao et al., 1981). It has been estimated that 
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the average daily intake of flavonoids in the American diet is about 
1 gin and thus there is clearly a potential hazard. All these compounds 
except quercetin required metabolic activation by rat liver enzymes 
when tested in microbial systems (Nagao et al_., 1978).The mutagenicity 
of quercetin was further enhanced by rat liver enzymes. This suggests 
that quercetin may interact directly with cellular DNA. Besides the 
microbial system, flavonoids especially quercetin and kaempferol 
have also been tested for mutagenicity in higher systems, such as rat, 
hamsters and Drosophila. However, in these systems there have been 
conflicting reports on the mutagenicity and carcinogenicity of querce-
tin (Hirono et al., 1981; Pamukcu et al., 1980; Watson, 1982). Wiereas 
studies of Ambrose et al. (1952) reported quercetin to be non-
carcinogenic to rats fed 1% quercetin for 410 days, more recent defi-
nitive studies of Famukcu ^  al.(1980) denonstrated that quercetin was 
carcinogenic for the intestinal and bladder epithelium of the rat when 
fed as a basic grain diet of 0.1 X quercetin (of purity ** 99 %) for 
58 weeks. Although the mechanism of carcinogenicity of quercetin is 
not known, it has shown significant effects on DNA synthesis, lactate 
production and cyclic adenosine 3',5'-monophosphate level in neoplas-
stic cells (Podhajcer et al., 1980). 
Quercetin in common with other flavonoids is a candidate 
substance for the development of antiviral agents (Vanden et al.,1986; 
Van Hoof ^  AI, , 1984) and is a promising compounds for the inhibition 
of tumor invasion (Bracke et al.,1987). The mechanism by which que-
rcetin exhibits its antitumor activity is not understood. Since 
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It is a frame-shift mutation in S. typhirourium (Ames, 1972) it 
has b6en argued that it might be an intercalating agents (fijeldanes, 
1977). However there are no chemical data to support this view. Ihe 
genotoxicity of quercetin correlates with the ability of the substance 
to cause DNA strand scission in the presence of Cu(ll) and molecular 
oxygen (Ratvnan et al.,1989a). Previous studies have suggested that 
flavonoids function as scavengers of reactive species of oxygen such 
as singlet oxygen (Takahama et al.,1984), superoxide anion (Takahama 
et al., 1983), and H^O^ (Takahama, 1984). From the studies on the 
effect of metal ions, antioxidants and ^ on the mutagenicity of 
quercetin in S.typhimurium. Hatcher and Bryan (1985) concluded that 
this reaction is antimutagenic. Contrary to the above observations the 
strand scission reaction of quercetin is associated with the formation 
of a ternary complex of DNA, quercetin and Cu(ll) (Rahman et al., 
1989b), followed by a transient reduction of Cu(II) to Cu(I) and the 
generation of active oxygen species (Rahman et al., 1989a). Ihese 
conflicting reports led me to investigate if quercetin is capable of 
generating oxygen free radicals in solution. 
Using fluorescence aix] absorbance techniques it is reported here 
that quercetin upon photo-oxidaticm or metal-catalysed oxidation leads 
to the generation of superoxide dependent OH* production through the 
Haber-Weiss reaction (Haber and Weiss, 1934; Beauchfmp and Ft'idovlch, 
1970). 
EXPERmENTAL 
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MATERIALS 
Chemicals used were obtained from the sources given against their 
names. 
Chemical Source 
Agarose 
Bovine serum albumin (BSA) 
B-mercaptoe thanol 
Catalase 
Oupric chloride 
Deoxyribonucleic acid 
(Calf thymus type I) 
Dimethyl sulphoxide (DMSO) 
Dral 
Ethylenediaminetetra-acetic 
acid (EDIA) 
EcoRI 
Ferric chloride 
Glycerol 
Lambda phage DMA 
Methylglyoxal 
N-ethyl-N-nitrosourea (EtNu) 
N-methyl-N-nitrosourea (MeNu) 
Nitroblue tetrazolium (NBT) 
Potassium dihydrogen 
orthophosphate 
Koch-light Laboratory, Qigland. 
Sigma Chemical Co., U.S.A. 
Merck, Germany. 
Sigma Chemical Co., U.S.A. 
B.D.H., India. 
Sigma Chemical Co., U.S.A. 
Merck, India. 
New England Biolabs., U.S.A. 
B.D.H., India. 
New England Biolabs., U.S.A. 
B.D.H., India. 
B.D.H., India. 
New England Biolabs., U.S.A. 
Sigma Chemical Co., U.S.A. 
Sigma Chanical Co., U.S.A. 
Sigma Chemical Co., U.S.A. 
Sisco Research Labs., Bombay. 
B.D.H., India. 
Potassium hydroxide Merck, Germany. 
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Quercetin 
Smal 
Spermine 
Spermidine 
Supercoiled plasmid pSK 275 
DNA 
Superoxide dismutase (SOD) 
(Bovine erythrocyte) 
Ihiobarbiturlc acid (TBA) 
It is-(hydroxyme thy 1)-amino 
methane 
Sigma Chemical Co., U.S.A. 
New England Biolabs., U.S.A. 
Sigma Chemical Co., U.S.A. 
Sigma Chonical Co., U.S.A. 
A generous gift from Dr. Saleem 
Khan, University of Pittsburg, 
U.S.A. 
Sigma Chemical Co., U.S.A. 
Loba Chemical Co., India. 
Fluka, Switzerland. 
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METHODS 
Detection of superoxide anion (O2): 
Superoxide anion waa detected by the reduction of nitroblue 
tetrazolium (NBT) essentially as described by Nakayama et al (1983). A 
typical assay contained, in a total volume of 3.0 ml, 50 noM potassium 
phosphate, pH 7.8, 33 mM NBT, 0.1 EDM EDTA and 0.06Z triton X-100. The 
reaction was started by the addition of M6 or quercetin. Immediately 
after mixing, the absorbance at 560 rai was measured under various 
experimental conditions against a blank which did not contain MG or 
quercetin. To confirm the formation of o'^  ,superoxide dismutase (SOD) 
was introduced into the solution before adding MG or quercetin. 
Detection of hydroxyl radicals (OH); 
Determination of OH was done by the following two methods. 
I. Aromatic hydroxylationt 
The assay is based on the ability of (M to hydroxylate (attack) aroma-
tic rings at an almost diffusion controlled rates and the measurement 
of hydroxylated products by a simple colorimetric method using 
salicylate (2-hydroxy benzoate) as a detector molecule (Richmond et 
al., 1981). 
The reaction mixture (2.0 ml) contained the following reagents at 
the indicated concentrations. 2 mM salicylate, 0.1 mM EDTA, 0.1 mM 
FeQs and 150 aW KH2PO4.-KOH buffer, pH 8.0. The reaction was initiated 
by adding appropriate amount of MG or quercetin. In case of quercetin. 
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Fe(III) was replaced by Cu(II) and the tubes were incubated at room 
temperature for 2 hr. Reaction.was stopped by adding 80 ul of 11.6 M 
HCl and 0.5 gm NaCl followed by 4.0 ml of chilled diethylether. Ihe 
contents were mixed by Vortexing for 1 min. Next, 3.0 ml of upper 
(ether) layer was pipetted off and evaporated to dryness in a boiling 
tube at 40 C. The tubes were cooled and the residue dissolved in 0.25 
ml of cold distilled water to which the following reagents were added 
in the order stated (a) 0.125 ml of 10% w/v TCA dissolved in 0.5 M HCl 
(b) 0.25 ml of 10% w/v sodium tungstate in water (c) 0.25 ml of 0.5% 
w/v NaNO^ C^freshly prepared). After standing for 5 min, 0.5 ml of 0.5 M 
KOH was added and the absorbance at 510 noi was read exactly after 1 
min. 
II. Degradation of DNA and development of fluorescent thiobarbituric 
acid (TEA) adduct! 
Ihis method is based on the fact that degradation of DNA by OH results 
in the release of TBA-reactive material which forms a fluorescent 
adduct with TBA (Quinlan and Gutteridge, 1987). The following reagents 
were added in clean tubes in the order indicated; 0.4 ml of Tris-HCl 
buffer (0.1 M, pH 7.5), 0.4 ml DNA ( 2 mg/ml in 0.01 M Tris-HCl buffer 
pH 7.5, 0.01 M NaCl), and quercetin at concentrations indicated in the 
appropriate figures and tables. The reaction was started by the 
addition of appropriate amounts of metal salts (see figures and 
tables) and the resulting mixtures were incubated overnight at 37 C. 
In experiments where DNA was degraded by 1,10 phenanthroline the 
procedure as described by Gutteridge (1984) was followed. 
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After incubation of sample, 1.0 ml TBA (1% w/v in 0.05 M NaOH) 
and 11.0 ml of 28% w/v TCA were added. The tube contents were heated 
at 100 C for 15 min to develop the colour. Ihe resulting lBAchroino/?en 
was extracted into 3.0 ml n butan-1-ol and the clear organic layer 
used for spectrofluorometric measurements. Fluorescence in the butanol 
extracts was measured at 553 nm following excitation at 532 no using a 
Shimadzu spectrofluorometer. 
Treatment of lambda DMA with quercetin and restriction enzyme 
digestion: 
0.5 ug lambda phage DNA was incubated in a volume of 20 ul in Tris-HCl 
(10 mM, pH 8.0) with quercetin which was present at the molarities 
indicated in the text. Ihe reaction mixtures were incubated at 37 C 
for 1 hr and then dialysed on 0.025 micron pore size millipore filter. 
Ihe dialysed samples were digested with appropriate units of various 
restriction enzymes. Ihe reaction was stopped by adding 10 ul sample 
buffer containing 0.21 SDS, 20% sucrose and 0.1% bromophenol blue. The 
resulting solution was electrophoresed on a 1.0% agarose gel contai-
ning 1 ug/ml ethidium bromide. 
Preparation*of crosslinked DKA 
Crosslinked DNA was prepared as described by Notani (1975). To 10 ml 
DNA (2 mg/ml) in INE (10 oM Itis-HCl, pH 7.5, 10 oM NaCl and 0.1 mM 
EDIA) was added 10 ml sodium nitrite (2 M) in 0.5 M sodium acetate 
buffer, pH 4.5. The solution was kept at room temperature for 2 hr and 
then chilled in ice for 1 hr. 5.0 ml of Na2HF0/| (2 M) was added to 
bring the pH back to 6.5. Ihe crosslinked DNA thus obtained was 
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extensively dialysed against three changes (1000 ml each) TNE 
Preparation of alkylated DMA and treatment with spermine and 
spermidine; 
A 1 mg/ml solution of DNA in INE was alkylated in sterile tt;ibe8 
by adding sufficient amount of N-methyl-N-nitrosourea (MeNb) or 
N-ethyl-N-nltrosourea (EtNu) to obtain a final concentration of 0.3 M 
each. The incubation was carried out for 1 hr at 37 C at the end of 
which the mixture was dialysed against three changes of 250 ml each of 
INE for 12 hr at 4 C. Ihe alkylated DNA was kept frozen and was thawed 
just before use. 
In experiments where the effect of spermine and spermidine on the 
reaction of quercetin with DNA was studied, appropriate amounts of 
aqueous solutions of spermine and spermidine were added to obt«d.n the 
final concentrations of 0.05 mM and 0.2 mM of spermine and spermidine, 
respectively. 
(D GEWERATIOW OF OKVGEN FREE 
RAVICAL BV METHVLGLyOXAL 
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(I) RESULTS 
Fig. 1 shows the generation of superoxide anion (O^) by MG in visible 
light. The increase in absorbance at 560 nm observed on reduction of 
NBT by 0*2 is substantially reduced in the dark and is completely inhi-
bited by superoxide dismutase (SOD), confirming the formation of this 
radical by MG. In Fig.2 is given the effect of MG concentrations on 6^ 
generation at increasing pH values. Ihe maximum production of 0*£ is 
seen at the alkaline pH of 9.5. However, at relatively high concentra-
tions of MG (above 0.28 mM) a alight decrease in the formation of Ogis 
seen at the pH values (7.8, 8.5, 9.5). Time course of the generation 
of 6£by MG at pH values of 7.8, 8.5 and 9.5 is shown in Fig. 3. As 
can be seen, the rate of 0^ formation shows considerable enhancement 
at pH 9.5. Reproducibility of the above results was confirmed in 
several repeated experiments within 10% error. Ihe 0^ formation as 
measured by increase in absorbance at 560 nm as an effect of time of 
reaction remains linear upto at least 40 min in both Fig. 1 and 3. Ihe 
enhanced production of 0^ at elevated pH and the opposite inhibitory 
effect at higher MG concentrations is similar to the one observed in 
the case of xanthine oxidase catalysed generation of 0^ from xanthine 
or hypoxanthine (Fridovich, 1970). Ihe formation of H^O^ by Og^  can 
occur by the following mechanisms. Addition of a second electron to 0^ 
1-
gives the peroxide ion (0^) which has no unpaired electron and is not 
a radical. However, 0^ at pH around neutrality immediately protonates 
Fig.l. Photogeneration of 0*2 on illumination of MG in vd-
sible light. 
The reactions were carried out as described in the 
"Methods". The concentration of MG in the reaction 
mixture was 0.18 mM. MG alone ( • ); MG + SOD (10 
ug/ml) ( ^  ); MG alone incubated in dark ( A ). 
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Details of reaction conditions are described In 
the "Methods." 
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to give hydrogen peroxide (liiOz). In aqueous solutions d£ also under-
goes dismutation to form H^O^ and 0^ (Halliwell and Gutteridge, 1984). 
2O2+ 2H"^ H2.O2. + 0^ 
- The O2 and H2P2. interact in the presence of iron salts to gene-
rate the OH in the so called Haber-Weiss reaction (Haber and Weiss, 
1934; Beauchamp and Fridovlch, 1970). 
Fe(III) salt 
0*2 + H2O2 O2. + OH* + OH" 
Catalyst 
In the following experiments we show that Oti is also generated 
by MG presumably by the above mechanism. Table I shows the effect of 
increasing MG concentrations on the generation of OH as determined by 
the formation of hydroxylated salicylic acid. It is seen that the 
foinnation of OH increases upto 0.28 atl whereipon it gives a constant 
value on further increase in MG concentration. This observation is 
similar to the one observed with O'^  production (Fig. 2) suggesting the 
dependence of OH production on 0^ ^ formation. Fig. 4 gives the genera-
tion of OH as a function of time. The formation of OH appears to be a 
slow process aiKi gives a lag period of about 2 hrs. The effect of 
increasing pH (Table II) on OH generation shows a pattern similar to 
the one seen for 6z formation (Fig.3) where maximum production is seen 
at pH values above 9.0. 
In order to unequivocally demonstrate that OH is formed and 
follows the pathway of the Haber-Weiss reaction, the effect of 
quenchers of various active oxygen species was studied. The results 
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Table I. Fortnatlon of hydroxyl radicals as a functiom of M6 concentra-
tions. 
Methylglyoxal Hydroxylated products formed 
(noH) (n moles) 
0.07 12.3 
0.14 18.1 
0.28 29.5 
0.70 28.0 
1.40 30.5 
Reaction conditions are described in the 'Methods' and values shown 
are final reaction concentrations. 
Fig.4. Formation of OH by MG as a function of Illumina-
tion time. 
The concentration of MG In the reaction mixture 
was 0.28 mM. Details of the reaction conditions 
are described In the "Methods." 
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Table II. Formation of hydroxyl radicals by MG as a function of pH. 
pti Hydroxylated products formed 
(n moles) 
7.8 9.84 
8.0 22.46 
9.0 36.30 
9.5 38.46 
The final concentration of M6 in the reaction mixture was 0.28 oM. 
Other reaction conditions were the same as given in 'Methods'. 
36 
Table III. Effect of oxygen radical quenchers on the generation of 
hydroxyl radicals by MG. 
Quenchers Hydroxylated products formed % Inhibition 
(n ffloles) 
Control 15.9 0.0 
Control + Catalase (25 ug/ml) 0.9 94.1 
Control + SOD (20 UR/ml) 1.2 92.3 
Control + mannltol (5 mM) 6.7 57.5 
Control + albunin (50 ug/ml) 12.8 19.7 
Ccmtrol + sodium formate (5 mM) 7.4 53,6 
The final concaitration of f^G In the reaction mixture was 0.28 mM. 
Concentrations of scavengers shown are the final reaction concentra-
tions. Details of other reaction conditions are described in the 
•Methods'. Control - Salicylate + MG + Feels . 
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given in Table III shows that catalase and SOD show complete inhibi-
tion of OH fonnation confirming the involvement of O'a and H^Oa. The 
incomplete inhibition observed with mannitol and sodium formate, which 
are OH qi^nchers, is presimably due to the fact that these agents 
compete with the substrate i.e. salicylate for the (M» In order to 
effectively trap orf by mannitol and sodium formate, very high concen-
trations (upto 50 mM) are required (Quinlan and Gutteridge, 1987). Of 
the various metal ions tested (Table IV), only Fe(IIl) and Co(II) were 
effective to any significant extent in generating OH, 
I>5/SO^ 
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Table IV. Effect of metal ions on the generation of hydroxyl radicals 
by MG. 
Metal ion Hydroxylated product formed 
(0.1 mM) (n moles) 
Fe(III) 7.4 
Cu(II) 0.6 
Co(II) 4.6 
Ni(II) 0.0 
Mn(II) 0.0 
Details of reaction mixture are given in the 'Methods'. 
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(I) DISCUSSION 
The 0*2 dependent production of OH via Haber-Welss reaction is well 
established (Rowley and Halliwell, 1982; McCord and Day, 1978). In 
these experiments the method used to detect OH involves the use of 
Fe(III)-E[7IA complex to generate (M from 0^' The reaction sequence 
described by McGord and Day (1978) for OH formation is as follows. 
0 £ + Fe(III)-EDTA Og. + FedD-EDTA 
Fe(Il)-EDIA + H2P2 Fe(III)-EDTA + OH + OH* 
0 7 + H^0^ 0 ^ + OH + OH* 
Under the reaction conditions used the 0*^  reacts with the ferric ions. 
However, Halliwell (1975) has shown that it can also react with 
ferrous ions oxidizing it to ferric ion . In vivo the Haber-Weiss 
process is generally considered to occur v^en 0*2 is generated in extr-
acellular fluids devoid of catalase and SOD but contain a catalyst 
such as transferrin. These conditions are obtained in phagocyte media-
ted inflannatory processes (McCord, J.M., 1974; Salin,M.L. and McCord, 
J.M. 1975). In iron catalysed Haber-Weiss reaction the apparent role 
of 0*2 is to reduce Fe(III) to Fe(II). However, it has been argue 
(Fee, 1982; WLnterboum, 1979) that this is not possible in vivo as 
the concoitration of other biological reducing agents may be greater 
than that of O^. Rowley and Halliwell (1982a and b) have however shown 
that NADH, NADPH and Glutathione or cysteine can interact with metal 
ions and ti^^ to increase 0^ . formation under certain circumstances. 
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As already mentioned MG can arise In the cell by both enzymatic 
and non-enzymatic mechanisms from free trioses. It has been shown to 
be muta>;enic in several systems and causes macromolecular crosslinks 
between DNA. and protein (Brambilla et al^ ., 1985). Ihe mechanism of 
mutagenic action of MG has not been investigated in sufficient detail. 
In this laboratory it was earlier demonstrated that the in vitro 
reaction of MG with DNA leads to the formation of strand breaks and 
interstrand crosslinks. The above results provide yet another 
mechanism by which MG can exert its mutagenic effect. The 
autagenic/carcinogenic effect of various drugs such as quinone 
antibiotics has been ascribed to the generation of active oxygen 
species in addition to the binding of semiquinone radical to DNA 
(Nakayama et^ al, 1983). It has been observed that free radicals are 
generated by the metabolically formed proximate compounds of various 
chemical carcinogens such as benzo-a-pyrene and amino azo dyes 
(Nakayama et al., 1983).The free radicals thus formed are sufficiently 
reactive to bind to DNA (Nagata et al., 1980). This observation sugg-
ests a possible role of free radicals in carcinogenesis. Thus the 
ability of MG to generate active oxygen species may be important in 
relation to its mutagenic action. It also suggests that MG may act 
as a co-carcinogen in conjuntion with initiators of chemical carcino-
genesis. It is generally considered that the reaction of OH with 
DNA is preceded by the formation of a complex between the radical 
producing chemical and DNA. This is followed by the production of 
OH*at that particular site (Pryor, 1988). Ihe OH is highly reactive 
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and it can only diffuse 5-10 molecular diaoieters before it can react 
(Pryor, 1988 ). Thus if it is not produced near DNA it will not react 
with it. Since MG must interact with DNA during the formation of 
strand breaks or crosslinks, the OH formation by it assumes additional 
significance. 
( I D GENERATION OF OXYGEN FREE RAVICALS 
ANV VNA VEGRAVATION BV Q,UERCETJN 
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(II) RESULTS 
Recent work in this laboratory has shown that quercetin in the 
presence of Qu(II) leads to the degradation of DNA. Such degradation 
was deonnstrated to require the participation of active oxygen species 
possibly the CM (Rahman et al., 1989a). As already described in the 
previous chapter the OH may arise in aqueous solution through the 
Haber-Weiss reaction which involves the participation of 0*2 and H^Pi- • 
Fig.5 shows that Oi is generated by quercetin in visible light. Ihe 
increase in absorbance at 560 nm, observed on reduction of NBT, is 
significantly inhibited in dark and is not seen in the presence of SOD 
confirming the formation of 0^ . In Fig.6 is given the rate of 
photogeneration of 0^ with increasing concentrations of quercetin. An 
increased production of O2 is observed with increasing concentration 
of quercetin from 5-40 uM. However, at the highest concentration of 80 
uM tested the rate of o'^  generation is reduced. This observation is 
similar to the one seen with MG (Fig. 2 ) and in the case of xanthine 
oxidase-hypoxanthine generated 0*^  (Fridovich, 1970). Hatcher and Bryan 
(1985) have shown that the auto-oxidation of quercetin is pH dependent 
and that it i&ay be catalysed by 0^ • However, in Fig.7 we demonstrated 
that the rate of 0^ photogeneration by quercetin is considerably 
enhanced as the pH is increased from 7.5 to 8.5. 
The quercetin-CXi(II) mediated DNA degradation reaction is 
dependent upon molecular oxygen (Rahman et al., 1989a). On the basis 
of the action of various oxygen radical quenchers it was proposed 
Fig.5. Photogeneration of 0^ on illumination of querce-
tin in visible light. 
The photo-reactions were carried out as descri-
bed in the "Methods". Ihe concentration of quer-
cetin in the reaction mixture was 20 i*l. 
quercetin alone (•); quercetin + SOD (10 pg/ml) 
( ^ ) ; quercetin alone incubated in dark (A ) 
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Fig.6. Effect of increasing concentrations of quercetin 
on the rate of 0^^generation. 
5 u M ( o ) ; l O u M ( A ) ; 20 uM ( A ); 40 uM (• ); 
80 uM (^  ). Details of reaction conditions are 
described in the "Methods". 
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Fi^.7. Effect of pH on the generation of Og by quercetin 
as a function of illumination time. 
The concentration of quercetin in the reaction 
mixture was 60 uM. Other reaction condition were 
the same as described in the "Methods." 
pH 7.5 (o); pH 8.0 (A); pH 8.5 (•). 
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Table V. Formation of hydroxyl radicals with increasing concentra-
tions of quercetin 
Quercetin Hydroxylated products formed 
(uM) (n moles) 
5 13.53 
10 18.46 
20 32.92 
40 47.38 
80 98.15 
Reaction conditions are given in the 'Methods' and values shown are 
final reaction concentrations. 
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that the proximate DNA breaking? oxygen species is the OH radical. 
Table V gives the formation of OH with increasing concentrations of 
quercetin as measured by hydroxylation of salicylic acid method of 
Richmond jt al (1981). An increase in the degree of OH generation is 
seen with quercetin concentrations from 3-80 uM. As described in the 
case of MG this method of OH detection involves,the use of Fe(III) or 
Cu(II)-EDrA complex to generate OH from O^'and H^O^ (Richmond et al., 
1981; ffcCord and Day, 1978). In order to test whether the Haber-Welss 
pathway for OH is operative in this system, the effect of various 
oxygen radical scavengers was studied and is shown in liable VI. 
Significant inhibition of OH production is seen with SOD and catalase 
which are O2 and H20^ scavengers, respectively. OH quenchers sodium 
benzoate, mannitol and thiourea also show substantial inhibition 
indicating the involvement of these radicals. 
In order to directly demonstrate the degradation of DNA 
by quercetin via Qtif fluorescent intensity of TBA adduct formed on DNA 
degradation was measured. Ihis method depends on the formation of a 
chromogen on DNA damage by CH which forms an adduct with TBA and which 
fluoresces at 553 nm (Quinlan and Gutterldge, 1987). The fluorescent 
characteristics of the IBA adducts formed from products released from 
DNA deoxyribose and quercetin are shown in Fig.8b. As can be seen the 
spectrum is indistinguishable from the IBA adduct formed by 1-10 phen-
anthroline (Fig.8a) which is known to degrade WA by OH in the 
presence of Cu(II) (GUtteridge, 1984). It is observed that some IBA-
reactive material is formed when quercetin is treated with Cu(II) in 
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Table VI. Formation of hydroxyl radicals by quercetin In the presence 
of oxygen radical quenchers 
Quenchers 
Control 
Control + SOD (0.1 nag/ml) 
Control + catalase (0.1 mg/ml) 
Control + mannitol (50 wH) 
Control + sodium benzoate (50 mM) 
Control + thiourea (10 mM) 
Concentrations shown are the final reaction concentrations. Concentra-
tion of quercetin in the reaction mixture was 60 uM. Details of other 
reaction conditions are given in the 'Methods'. 
Control - Salicylate + quercetin + Cu(II) 
Hydroxylated prodijcts foirmed 
(n moles) 
/m  
  
62.0 
30.0 
26.0 
26.0 
9.3 
4.0 
% inhibition 
0.0 
51.6 
58.0 
58.0 
85.0 
93.5 
Fig.8a. Fluorescent scan of the TEA adducts formed from 
damage to DNA by copper-phenanthroline complex 
(taken as standard). 
Fluorescent scan was made at 332 nm excitation 
and 553 nm emission. The reaction conditions 
leading to the formation of IBA-reactivity are 
fully described in the ''Methods." 
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from damage to DNA Induced by quercetin-
Cu(II) complex. 
(a) Cu(II)-quercetin damage to DNA; (b) 
Cu(II) + DNAj (c) quercetin •»• DNAj (d) 
Cu(II) •*• quercetin. The fluorescent scans 
were made as described in Fig.8a. Details 
of the reaction conditions leading to the 
formation of TBA-reactivity are fully de-
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the atxsence of DNA (Fig.8,curve d ). The production of TBA-reactive 
material further increases when DNA is incubated with quercetin alone 
(curve c) and when DNA is incubated with Cu(II) alone (curve b). 
However, when linear duplex DNA is incubated with both Cu(II) and 
quercetin they were able to bring about the maximum release of 
TBA-reactive material as indicated by the sharp enhancement in fluo-
rescence at 533 nm (curve a). This confirms our previous results \hich 
suggested that DNA is degraded by OH in the presence of quercetin and 
Cu(II) (Rahman et al., 1989a). 
The release of TBA-reactive material from DNA by quercetin-Cu(II) 
was also measured as a function of quercetin and Cu(Il) concentrat-
ions. Ihe results are given in Table VII and VIII. It may be seen that 
the OH formation increases with increasing quercetin concentrations 
upto 150 lil after which it becomes constant. With increasing Cu(II) 
concentration a progressive increase in the rate of Cti formation is 
seen. The ability of other metal ions to release TBA-reactive mate-
rial was also examined (Table IX ). None of the several metal ions 
except Gu(II) tested at a concentrations of 0.1 mM induced the release 
of TBA-reactive material from DNA in the presence of quercetin. 
Fluorescence changes that occur when quercetin binds to variously 
modified DNA; 
It is generally believed that OH* radical reactions with DNA are 
preceded by the formation of a drug-DNA complex and that the cleavage 
of DNA occurs close to the site of complex formation (Pryor, 1988). In 
order to determine whether quercetin binds to DNA at specific sites, 
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Table VII. Formation of IBA-reactive material with increasing concent-
rations of quercetin as measured by relative fluorescence intensity. 
Quercetin Relative fluorescence intensity units (RFI) 
(uM) Ex 532 nm and Etan 553 nm 
25 15.8 
50 20.2 
100 23.0 
150 27.0 
200 26.3 
Blank iWA + Cu(II)] 10.2 
Concentration shown are the final reaction concentrations. Details 
of the reaction conditions are given in the 'Methods'. 
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Table VIII. Formation of TBA-reactive material with increasing Cu(II) 
concentrations as measured by relative fluorescence intensity. 
Cu(II) Relative flirarescence intensity units (RFI) 
(uM) Ex 532 nm and Em 553 nm 
25 23.2 
50 27.4 
100 29.6 
150 28.3 
200 27.1 
Blank [DNA + quercetin] 7.0 
Concentration shown are final reacti(Mi concentrations. Concentration 
of quercetin in the reaction mixture was 60 uM. Details of the reacti-
on mixture are given in the methods. 
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Table IX . Release of IBA-reactive material followitu; damage to DNA by 
quercetin and transition metal ions 
Relative fluorescence intensity units (RFI) 
Ex 532 nm and Bn 553 nm 
Metal ion 
(0.1 oM) 
Cu(II) 
Fe(III) 
Mil) 
Co(II) 
Ni(II) 
DNA 
Metal ion 
30.5 
29.2 
25.7 
21.0 
19.0 
Quercetin 
Metal ion 
18.0 
16.0 
17.0 
16.0 
13.0 
DNA "•• Quercetin 
+ 
Metal ion 
51.5 
34.0 
27.5 
23.0 
23.0 
Details of the reaction conditions are as described in the 'Methods' 
55 
the DNA was first tzreated vdth various well established DNA binding 
and DNA reacting drugs before incubation with quercetin and 
measurement of fluoresence spectra. In case quercetin binds to any of 
the sites with which such drugs also react then a change in the 
fluorescence spectrum of quercetin-MA complex should be observed. Ihe 
results given in Fig.9 show that quercetin alone does not exhibit any 
detectable fluorescence (curve a), Efowever, upon binding with DNA a 
remarkable enhancement in the fluorescence of quercetin is observed. 
The enhancement was maximum in the case of denatured ONA (curve h), 
whereas native and crosslinked DNA showed almost the same degree of 
enhancement (curvecandb). These results, therefore,suggest that que-
rcetin does not intercalate in the duplex ONA. N-methyl-N-nitrosourea 
(MeNu) and N-ethyl-N-nitrosourea (EtNu) are DNA alkylating agents 
and predooiinantly alkylate DNA bases and DNA phosphates, respectively 
(Sun and Singer, 1975). Alkylated DNA on binding with quercetin show 
further enhancement in the fluorescence (curvedand €. ). Spermine and 
spermidine preferentially bind to DNA through surface interactions 
(Kajalakshmi et al., 1978). DNA treated with both these compounds 
also show increased fluorescence after reaction with quercetin (curve 
Qand -f ). Possibly, these results are accounted for partial denatur-
ation of DNA during treatment with these drug binding agents. These 
results therefore do not provide any information on the specificity of 
quercetin interaction with DNA. 
Restriction analysis of quarcetin-Cu(II) treated DNA ; 
In order to study the specificity of DNA breakage induced by quercetin 
Fig.9. Fluorescence emission spectra of quercetin in 
presence of variously nxxiified DNA. 
The quercetin concentration was 25 uM and the 
ONA bp/quercetin ax>lar ratio was 60:1 throu-
ghout. The excitation wavelength was set at 
365 nm and the emission wavelength at 530 nm. 
(a) quercetin alone; (b) crosslinked IXiA; (c) 
native ENA; (d) MeNu alkylated DNA; (e) EtNu 
alkylated DNA; (f) spermidine nixed DNA; (g) 
Spermine mixed DNA; (h) denatured DNA. 
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and Cu(II), protection of cleavage sites from the action of various 
restriction enzymes was used. There are several reports on the use of 
restriction enzymes on the study of structural alterations of DNA 
caused by DNA specific drugs (Nosikov ^  al., 1976; Goppelt et al., 
1981). Restriction analysis of lambda phage DNA reacted vd.th querce-
tin and Cu(ll) was done by selecting enzymes having exclusively or 
predominantly GC or AT base pairs in their recognition sequences. 
Fig. 10,11 and 12 show experiments where DNA was treated with increas-
ing concentrations of queircetin in presence of 0.1 mM Cu(II) and 
digested with Dral (TIT/AAA), Smal (CCC/QQG) and EcoRI (GA/ATTC), 
respectively. The samples treated with quercetin upto 50 uM concentra-
tion were cleaved with Dral giving a pattern similar to that with 
untreated DNA (Lanes 2 and 4). However, substantial inhibition of cle-
avage occured at 100-200 \M quercetin (Lanes 5 and 6). Similarly 
complete inhibition of cleavage was observed with Smal at 200 uH 
quercetin concentration (Lane 6). In another experiment maximum inhib-
ition of EcoRl was produced with 100 uN quercetin (Lane 6 ) . These 
results thus indicate that there is no specificity involved in the 
DNA breakage induced by quercetin and Qu(ll) 
Effect of riboflavin on the quercetin-Cu(II) mediated DNA degradation; 
Since the photo-oxidation of quercetin, which is very alaWf is 
considerably accelerated by ribofliavin via 0^ (Takahama, 1985), it was 
of obvious interest to compare the rate of quercetin-Cu(II) mediated 
DNA degradation in the absence (Fig.13) and presence of riboflavin 
(Fig.14). The presence of riboflavin caused a 4-fold increase in the 
Fig.10. Effect of increasing concentrations of quercetin 
quercetin on Dral digestion of lambda phage DNA 
in the presence of Cu (II). 
Lane 1: IXiA alone, Lane 2: 100 uM Cu(II), Lanes: 
3-6; 25, 50, 100 and 200 uM quercetin in the 
presence of 100 uM Cu(II). All samples contained 
0.5 ug DNA and the incubation was carried out at 
37 C for 1 hr. The treated samples were then 
subjected to digestion by Dral following removal 
of unreacted quercetin by dialysis as described 
in the "Methods." 
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Fig.II. Effect of increasing concentrations of quercetin 
on Smal digestion of lambda phage DNA in the 
presence of Cu(II). 
Lane 1: IXiA alone, Lane 2: 100 uM Cu(II), Lanes 
3-6: 25, 50, 100 and 200 uM quercetin in the 
presence of 100 uM Cu(II). All samples contained 
0.5 ug CNA and the incubation was carried out at 
37 C for 1 hr. The treated samples were then 
subjected to digestion by Smal following removal 
of unraacted quercetin by dialysis as described 
in the ••Methods." 
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Fig.12. Effect of increasing concentrations of quercetin 
on EcoRI digestion of lambda phage DNA in the 
presence of Cu(II). 
Lane 1: DNA alone, Lane 2: 100 vH Cu(II), Lanes 
3-6:12.3, 25, 50, 100 uM quercetin in the prese-
nce of Cu(II).Other reaction conditions were the 
aaae as described in Fig.10. 
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Fig.13. Agarose gel electrophoretic pattern of ethidlum 
bromide stained pSK 275 DNA after treatment with 
quercetln and Cu(II). 
DNA migrated from top to bottom In the order of 
decreasing distance of form I (supercolled cova-
lently closed circular ENA), form III (linear 
duplex DMA) and form II (relaxed circular DNA). 
The reaction mixture containing 0.5 ug pSK 275 
DNA, 0.1 oM quercetln and Cu(II) each in 10 mM 
Trls-HCl buffer, pH 7.5, were Incubated at room 
temperature in visible light for the periods 
indicated. Lanes 1-7: 0, 5, 10, 30, 60, 120, and 
180 mln. 
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Fig.14. Kinetic behaviour of DNA breakage induced 
by quercetin and Cu(II) in presence of 
riboflavin. 
Ihe reaction conditions were exactly the 
same as described in Fig.13. The only diff-
erence was that it was carried out in the 
presence of 5 uM riboflavin. Lanes 1-6: 0, 
10, 30, 60, 120 and 180 min. 
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rate of DNA breakage reaction of quercetin and CXi(II). In the presence 
of riboflavin, form I (covalently closed supercoiled) DNA was almost 
completely converted to form II (relaxed circular) DNA in 30 min 
(Fig.14,Lane 3). The same was observed in 2 hr v^en riboflavin was not 
present (Fig*13,Lane 7). Since riboflavin alone has been shown to 
degrade DNA (Korycha-Dahl and Richardson, 1980), another experiment 
was performed in which DNA cleavage by riboflavin alone was examined 
as a function of time (Fig 15). The results indicate that the convers-
ion of form I to form II DNA starts only after 30 min and reaches com-
pletion in 3 hr (Lanes 4 and 7). Ihus the accelerated photo-oxidation 
of quercetin by riboflavin correlates with the increased rate of DNA 
breakage by quercetin and Cu(II) in the presence of riboflavin. 
Fig.15. Kinetic beha\d.our of DNA damage induced by 
riboflavin. 
Reaction mixtures containing 0.5 ug pSK 
275 DNA and 5 uM riboflavin in 10 mM Tris-
HCl buffer, pH 7.5 were incubated at room 
temperature in visible light for the peri-
ods indicated. Lanes 1-7; 0, 5, 10, 30, 60, 
120 and 180 min. 
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(II) DISCUSSION 
The results described above can be suomarlsed as follows: 
quercetin generates 0*2 in aqueous solution which is stimulated in 
visible light. The production of 0*2"can lead to the formation of OH 
through the Haber-Welss reaction which involves the peurtlclpation of 
H^O^ and a metal ion. Ibis was established by the quenching effect of 
SOD and catalase, mannitol, sodium benzoate and thiourea on OH 
production. Quercetin in the presence of Cu(II) can also lead to 
degradation of DNA as measured by the formation of TBA-reactive 
material. The DNA degradation reaction does not appear to involve any 
sequence specificity. This was determined by restriction analysis of 
quercetin~Cu(II) degraded DNA and by measurement of changes in the 
fluorescence of quercetin after its reaction with variously modified 
DNAs. The DNA degradation of quercetin-Cu(II) is considerably enhanced 
in the presence of riboflavin which is an established photosensitizer 
and produces 0^ in visible light. 
As mentioned in the "Introduction" the mutagenic activity of 
quercetin is substantially increased by the rat liver S9 preparation. 
Ihe results of Rahman et al. (1989a) and the experiments described 
above would suggest that the mutagenic action of quercetin is related 
to its capacity to degrade cellular DNA in the presence of metal ion 
and molecular oxygen. Hatcher and Bryan (1985) have studied several 
factors which alter the mutagenic activity of quercetin such as metal 
ion, anti-^xidants and pH. According to these authors metal ions such 
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as Cu(II) and Fe(III) are Irihlbltory in quercetin mediated rautagenisis 
of S. typhioMirium. SOD enhances the mutagenic activdty of quercetin 
by scavenging Og and thus inhibiting the auto-oxidation of quercrtin. 
Ihese results were interpreted by suggesting that quercetin may 
oxidize to a ortho-quinone form, either through a metal or C^catalysed 
reaction, and that this ortho-quinone cannot enter the cell due to 
ionization of hydroxyls. This is due to the fact that an ionized 
molecule cannot cross the cell membrane as readily as a non-ionized 
one. However, once quercetin has entered the cell both metal as well 
as 0^ should have a stimulatory effect on its mutagenicity. Thus our 
findings are not in contradiction of the results of Hatcher and Bryan 
(1985). Takahama (1985) has shown that the photo-oxidation of querce-
tin is considerably enhanced by the photo-sensitizer riboflavin. Such 
photo-oxidation presumably occurs through the formation of O'J^ . CXir 
results (Fig.15) show that at concentration of riboflavin which does 
not show any significant degradation of DNA, quercetin-Gu(II) mediated 
DNA breakage is considerably enhanced. Since photo-sensitized ribo-
flavin also generates O^*, it is indicated that 0*£ mediated oxidation 
of quercetin or DNA-quercetin-Cu(Il) is involved in the DNA degrada-
tion reaction. Ihis is of significance as quercetin may also be 
oxidized by electron transfer from excited quercetin to molecular 
oxygen. 
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